The Pan-STARRS1 survey is collecting multi-epoch, multi-colour observations of the sky north of declination −30 • , and has designated 70 deg 2 for nightly observations that are particularly useful for transient detection. A duplicate, Pan-STARRS2, is nearing completion that offers opportunities to improve the quality of transient search and observation, as well as simply increasing the number of detections. A new system, the Asteroid Terrestrial-impact Last Alert System (ATLAS), increases the search area to all-sky in return for diminished sensitivity, and highlights tension among optimization for static sky images, optimization for faint transients and optimization for an unbiased number of transients. ATLAS gives up sub-arcsecond images and full colour information to specialize in the third category, but should detect many more transients than the Pan-STARRS1 Medium Deep fields or the Palomar Transient Factory, with examples of transient classes that are considerably closer and brighter.
Pan-STARRS1
The Pan-STARRS1 system [1] is a 1.8 m aperture, f/4.4 telescope [2] illuminating a 1.4 Gpixel camera (GPC1) spanning a 3.3 • field of view [3, 4] , located on Haleakalā, Hawaii, and dedicated to sky survey observations [5] . The Pan-STARRS1 filters are designated g P1 , r P1 , i P1 , z P1 , y P1 and w P1 in order to clearly distinguish Pan-STARRS1 from other photometric systems. Images obtained by Pan-STARRS1 are processed through the imageprocessing pipeline [6] . Although the Pan-STARRS1 filters are similar to those of previous surveys such as the Sloan Digital Sky Survey (SDSS) [7] , the g P1 filter extends 20 nm redward of g SDSS , unlike z SDSS the z P1 filter is cut off at 920 nm, and SDSS has no corresponding y P1 filter. The y P1 filter is distinctly bluer and narrower than the y filters used by IR surveys such as ESO VISTA [8] . The Pan-STARRS1 photometric system is described in detail by Tonry et al. [9] . First light of Pan-STARRS1 occurred in August 2007, and it has been operated by the Pan-STARRS1 Science Consortium (PS1SC) on a mission to observe the 3π steradians north of declination −30 • , twelve times in each of the five primary filters. The survey depth is considerably deeper than the SDSS partial coverage of the sky, approaching the intensively observed SDSS 'Stripe 82' in g P1 , r P1 , i P1 , deeper in z P1 , and also providing 1 µm y P1 band images.
In addition to the 3π survey, Pan-STARRS1 observes 10 Medium Deep (MD) fields on a nightly basis, targeting four or five accessible in right ascension on any given night, and exposing for about 30 min in a filter. The filter choices rotate among g P1 , r P1 , i P1 , z P1 on successive nights, with the y P1 band used near full moon. The MD fields are described in detail by Tonry et al. [10] , and include many of the intensively studied extragalactic fields such as Chandra Deep Field South, COSMOS, VIMOS VLT Deep Survey, etc.
An important innovation of Pan-STARRS1 is the use of monochromatic illumination to measure the system and filter transmissions in situ [9, 11] . Combined with the stability of the GPC1 and the Pan-STARRS1 filters, we have set a new standard for wide area photometry, and we believe that it will not only serve our scientific goals but also provide a three quarter sky reference for other observations. SkyMapper [12] will cover the remaining sky, and this will change how we do photometry forever. This is particularly important for high-precision science such as using type Ia supernovae (SNIa) to probe cosmology, because that depends on photometric accuracy between filters rather than just relative photometry within a given bandpass.
Photometry
One of the key goals of the Pan-STARRS1 project is to create a 3π steradian catalogue of billions of stars and galaxies with photometry measured at the 0.01 mag level or better. At this moment in time the average point on the sky has been observed more than 33 times, i.e. more than six times per filter. Our observing efficiency is steadily improving, and we anticipate completion of the survey by end of 2013.
With the basic measurements of bandpass in hand and zeropoints based on the HST Calspec standards [9] , Schlafly & Finkbeiner [13] have computed a first pass at a homogenized, accurate set of magnitudes around the sky. Comparison with SDSS reveals that SDSS is quite accurate at the level it sought to reach, but that discrepancies as great as the 0.03 mag level do exist. We believe that Pan-STARRS1 is significantly closer to the AB system and has significantly lower error than SDSS (see Schlafly & Finkbeiner [14] for details).
For the purposes of transient science, 0.03 mag can be fatal. For example, the 'banana plots' of Sullivan et al. [15] show that the SNIa constraints on w as a function of Ω M derived from the current list of SNIa observations are already dominated by systematics. One could take the cynical view that there is no point in observing more SNIa for cosmology because the systematics already dominate the statistical errors, and indeed the extant set of SNIa observations probably cannot be repaired to improve matters. However, it is certainly possible to do better, which is why Pan-STARRS1 is expending so much effort on calibration.
Pan-STARRS1 science
The PS1SC has made a division of science areas into 12 'key projects', ranging from the inner solar system to cosmic lensing, and new scientific results are starting to appear. For the solar system, Pan-STARRS1 has reported 1. improving the calibration of 'H' magnitudes maintained by the MPC, and the Bottke model for the distribution of asteroid properties and orbits. Pan-STARRS1 is also discovering main belt comets [17, 18] that may have been important sources of water.
Pan-STARRS1 has discovered many brown dwarfs initially by proper motion between 2MASS and Pan-STARRS1, but we are now getting a large enough time base (3+ years) that we can get more accurate proper motion from Pan-STARRS1 data alone. This has the additional benefit of revealing fainter and cooler stars. The increasing time base is also starting to reveal parallaxes, and these will improve rapidly as more data are taken and all the data are reanalysed. Publications include Deacon et al. [19] and Liu et al. [20] .
The 'Pandromeda' effort at the PS1SC-Max Planck partners is nominally a search for microlensing events, of which many have been seen [21] . They are also capturing all sorts of other variability from stars such as Cepheids, eclipsing binaries, FU Orionis stars, and possibly even RR Lyrae.
The largest efforts of the PS1SC are devoted to 'wallpaper science' and 'transient science'. The former refers to the topics that can be addressed by deep static images such as galaxy properties, counts, redshifts, clusters, strong and weak lensing, the three-dimensional distribution of dust in the Galaxy, quasi-stellar objects (QSOs) and active galactic nuclei (AGNs) at high redshift, etc.
The transient science is spearheaded by the groups at the Harvard Center for Astrophysics, Cambridge, MA, and Queens University Belfast, UK. In the MD fields we have observed approximately 3000 SNIa so far, with approximately 300 spectroscopically confirmed. The nature of the MD field observation provides complete, multi-colour light curves, so in principle the full set of SNIa can be brought into use once redshifts are known from host galaxy or photo-z of the SNIa event itself. Although the redshift distribution extends only to z ∼ 0.7, the significance of this growing set of SNIa is the homogeneity and accuracy of the photometry. Unlike efforts that merge nearby, intermediate redshift and high-redshift SNIa from a wide variety of search and follow-up facilities, the Pan-STARRS1 set should not suffer from compounded systematic error.
Examples of transient science emerging from Pan-STARRS1 include ultra-luminous supernovae that may involve pair instability, beaming, magnetars, dust shrouds or other possible mechanisms [22] [23] [24] , and possible shock breakout events [25] . The time history provided by the constant, multiple colour observations by Pan-STARRS1 has proven to be valuable for understanding the early time history of transients [26] . Many low-luminosity supernovae have been seen (e.g. Narayan et al. [27] ) that can help elucidate explosion mechanisms. The best candidate for a tidal disruption of a star by a massive black hole has been reported by Gezari et al. [28] .
More locally, Pan-STARRS1 is steadily acquiring the time baseline for determination of proper motions of faint (low luminosity) stars, for example the first results on cool white dwarfs reported by Tonry et al. [10] .
Follow-up
A growing limitation of science employing transient events is the requirement for follow-up observations that can often be far more expensive than the detection itself. For example, the Pan-STARRS1 MD fields produce some 100 events per month worthy of follow-up, and of course they are mostly faint, m ∼ 22-23. Spectra can be readily obtained but require an hour of an 8 m telescope, and, therefore, only a fraction of the 'more interesting' events are observed. Apart from limiting the statistics, this can create important biases. There are four basic categories of follow-up requirements for different events. 'campaign mode', but projects such as the Palomar Transient Factory (PTF) and the Dark Energy Survey (DES) have addressed this with pre-allocated follow-up appropriate for the overall science goals. 3. Many non-transient objects may be identified from colour or variability, such as highredshift QSOs, novae or M dwarf flares. These require follow-up for confirmation and then will lead to follow-up resources for exploitation, for example looking for Ly-α absorption or UV flux, but perhaps without the extreme time urgency of the first category. 4. Objects such as nearby white dwarfs found by proper motion or parallax may require little follow-up for science such as constraining the age of the Milky Way disc or halo from the distribution as a function of colour and temperature. Of course if a transit eclipse of a white dwarf is seen it will fall into the previous category of one-off follow-up. Other moving objects, such as NEOs, require prompt reacquisition or follow-up or they will be lost.
Optimizing scientific productivity depends on follow-up as well as discovery, and clear elucidation of science goals and identification of follow-up resources is of key importance to the success of a survey. Pan-STARRS1 is clearly on the side of more discovery than follow-up because of the very broad range of goals being pursued.
Future of Pan-STARRS
The PS1SC will complete its observations at the end of 2013, at which point the data will be copied to the Space Telescope Science Institute for final reprocessing and serving to the world in 2014.
Funding seems plausible to keep Pan-STARRS1 observing through 2014, and expectations are that it will continue beyond that, but the exact source of funding and the precise science mission is as yet not fully defined. Possibilities include funding by the National Aeronautics and Space Administration (NASA) for NEO observations, and the Euclid consortium for a catalogue of Northern Hemisphere photo-z.
Pan-STARRS2 is approaching completion, and will be installed in the dome adjacent to Pan-STARRS1, previously occupied by the Magnum telescope. As of the time of writing the optics for Pan-STARRS2 are complete, including filters, filter changer and shutter, and the telescope has been purchased from Advanced Maui Optical and Space Surveillance Technologies and is due to be delivered and accepted at end of 2012. Much of the refurbishment of the dome is complete. The charge-coupled devices (CCDs) are being built by the Massachusetts Institute of Technology Lincoln Laboratory, Cambridge, MA, and should be delivered by early 2013, and the other components of the GPC2 and its controllers are nearly done.
The plan is to integrate and commission Pan-STARRS2 during 2013 in preparation for operations in 2014, although we are still seeking to complete funding for commissioning and operations. Given the existing large capital investment and the unique capability of the Pan-STARRS systems it seems that the astronomy community will find a way to make this funding happen, but, if not, the system may pass to non-astronomical uses. Plans to build four Pan-STARRS units and move to Mauna Kea, Hawaii, as the original Pan-STARRS4 project had envisioned, are on currently hold.
ATLAS
The term 'etendue' has been abused in recent years by proponents of proposed surveys, and it is very important to pay attention to all the factors that go into survey speed. In particular, the 'wallpaper sky' is quite different from the 'transient sky' in that transients are virtually all point objects (therefore, no information exists in spatial structure) and by appropriate subtraction of static sky the density of transients is very low (so confusion problems do not exist). Therefore, for transients, the signal-to-noise (SNR) trade-off between field of view and point spread function is different from that for static objects. In addition, detection of transients may permit wide filters and the factors of throughput and duty cycle may be optimized differently for transient detection than for static sky. Finally, it is obvious that a system whose performance depends on atmospheric seeing will often have disappointing performance during a period of bad seeing, and will be much more expensive than one which can achieve its goals in any seeing conditions. These issues are discussed at length by Tonry [29] , and led to a proposal to NASA for an extremely wide field system called 'ATLAS' (Asteroid Terrestrial-impact Last Alert System) of moderate sensitivity that could be a very good complement to higher etendue systems such as Pan-STARRS1 or Large Synoptic Survey Telescope (LSST). Since Tonry [29] there has been considerable work on improving the capability of a small telescope system, and it appears to be converging on an optimum with the following characteristics:
-aperture approximately 0.4 m, focal length approximately 700 mm, field of view 7-10 • , spot size 3 µm r.m.s. These can be realized, for example, by a miniature of the SubaruHyper-suprime Cam design or a Houghton catadioptric telescope. A Houghton uses three large lenses, a primary mirror and a secondary mirror spot on one lens, followed by two more corrector lenses. A remarkable aspect of the Houghton configuration is the use of standard, inexpensive glass and all-spherical surfaces, so it is extremely tolerant of manufacturing and collimation error; -an approximately 10 × 10 k monolithic CCD with approximately 9 µm pixels, such as the device manufactured by Semiconductor Technology Associates. Back-illuminated and capable of reading the approximately 100 Mpixel in 5 s with 10 e − noise, this slightly undersamples the point spread function with approximately 2.5 pixels; -a nominal observing plan uses 30 s exposures interleaved with 5 s for readout and telescope pointing. The proposal to NASA calls for two broad filters, essentially g + r and r + i, in order to augment the sensitivity while retaining some colour information.
(Other science missions might be better served by other filter choices.) Exposure time calculations for dark sky, including the large pixel size, indicate that for a solar spectrum this system should reach a 5σ detection limit at AB = 20 in each exposure; and -folding in all the factors for net throughput, duty cycle, seeing and image quality, noise, etc., we find that a single such ATLAS unit system can survey about 1 deg 2 s −1 at SNR 5 and m = 20, and, therefore, harvest some 35 000 deg 2 per night. Three units can obtain five exposures of each point of the 20 000 deg 2 visible in a given night.
In moderate quantity, we believe a single, complete ATLAS unit (including mount, enclosure and software) should cost approximately $0.5M, so the survey merit per unit cost is very attractive.
Relative to a single ATLAS unit, the survey merit of a Pan-STARRS unit, for example, is 4, so the effectiveness of Pan-STARRS1 for transients could be met with four ATLAS units or $2M. PTF has about half the survey merit of an ATLAS unit and PTF-2 should be about three ATLAS units. Even LSST is only 160 ATLAS units, and so its transient detection capability could be met for $80M. (This may seem a bit implausible until one envisions 160 ATLAS units all pointed in the same direction as LSST. With double-wide filters, they will collect photons from an object at the same rate as LSST, and the ×3 worse point spread function (PSF) can be offset by a ×3 bigger field of view.) Note that this comparison is for transients, and it also breaks down when systematics dominate, such as static sky subtraction or trying to detect very faint objects in the crowded static sky. We are not seriously suggesting that ATLAS supplant other surveys and missions, of course, but we do emphasize that ATLAS is an extremely cost effective way to survey a large volume for transients and moving objects.
The proposal to NASA requests funds to build two to four such units to search for NEOs and provide a few weeks warning of any impending, significant asteroid impact. As of this date, NASA has indicated a desire to support this project, and we are awaiting a commitment and funds. A comparison between ATLAS and the Pan-STARRS1 MD fields is illuminating. At any given instant Pan-STARRS1 is using a quarter of its time following some approximately 35 deg 2 averaged over the different seeing conditions, the delivered limiting magnitude for any given night is about 23, about 3 mag fainter than ATLAS or four times more distant. Therefore, ATLAS covers about 10 times the volume in any given night compared with the PS-MD, and we can expect rates to be commensurately greater. On the other hand, the 4× greater distance of PS-MD may be essential, for example SNIa sought for a Hubble diagram. In addition, ATLAS will quickly reach the confusion limit with its large PSF, so it will never be able to survey the 'wallpaper sky' as well as PS-MD. Other disadvantages include worse astrometry and therefore decreased sensitivity to proper motion and decreased accuracy for moving objects.
Tonry [29] discusses many science opportunities open to ATLAS, both the initial system that NASA might fund as well as an expansion of more units to the Southern Hemisphere. It is important to recognize that by going wide and shallow the follow-up of ATLAS events is considerably easier than Pan-STARRS1 or PTF. A dedicated 2-m-class telescope with modern, high-efficiency instrumentation could in principle obtain redshifts of the approximately 10 4 SNIa discovered by ATLAS each year, for example, or could be tasked to obtain simultaneous, multi-colour, high SNR photometry of all ATLAS transients.
ATLAS should detect approximately 10 3 NEOs per year and should provide rotation curves and pole orientations for approximately 10 4 asteroids. It can deliver an approximately three-week warning of an impending 100 Mton asteroid impact, and an approximately one-week warning for 1 Mton.
Light curves with approximate hour resolution should be possible for all stars in the Galaxy brighter than m ∼ 20, some 10 9 light curves. Interesting examples include M dwarf flares, RR Lyrae, Cepheids, novae, cataclysmic variables, R Cor Bor stars, FU Orionis, eclipsing binary stars, etc. The combination of high time resolution with continuous monitoring for eight months will be unique.
ATLAS will be able to monitor some 20 000 white dwarfs for eclipses from transiting planets. Although the probability of eclipse at any given instant is 10 −5 η, where η is the frequency of planets within the habitable zone around a white dwarf, ATLAS will rapidly provide good constraints on η and perhaps detect interesting systems, possibly even habitable, Earth-sized planets [30] . This is a key scientific goal.
ATLAS should see many near-field, microlensing events that can put constraints on Massive Compact Halo Object dark matter in the galaxy as well as detect planets. Strongly lensed QSOs will generally not be resolved by ATLAS, but the constant photometric monitor can cue other facilities when a sharp event occurs, opening the door for H 0 measurements. ATLAS should detect approximately 10 4 SNIa per year, virtually all of the events at z < 0.1, given a unit in the Southern Hemisphere. There will be many core-collapse supernovae, and dozens of exotic supernovae such as ultra-luminous and unusually dim explosions. Apart from providing large, unbiased samples of supernovae for understanding their hosts and progenitors, a key goal is to start to map large-scale flows using SNIa as distance estimators. If we can achieve 6 per cent distance accuracy with a systematic floor of 1 per cent, we can hope to see flows to distances as great as z ∼ 0.1. There is one SNIa per (30 Mpc) 3 per year, so we hope to provide constraints on the distribution of dark matter on 3-10 Mpc scales within a few years.
ATLAS will provide approximate hour time resolution of approximately 10 5 AGNs to m < 19, revealing AGN properties and evolution as well as cueing particularly interesting events such as tidal disruptions.
We certainly believe that gravitational waves are emitted by coalescing binaries and the Advanced Laser Interferometer Gravity Observatory should be able to detect them within the next 5 years. What electricity and magnetism counterparts to such an event might look like is currently debated, but ATLAS may provide an important follow-up capability since it combines reasonable sensitivity (m ∼ 21 in 300 s), large field of view and fast slew.
Perhaps the most important contribution that ATLAS can make for the broader world of transients is providing an imagery archive of 10 3 pixels over the entire sky as well as the ongoing nightly observations. Transients have progenitors, not all transients are single events, and not all transients are immediately noticed and followed up. A deep, reliable history of the entire sky may confer significant insight for important classes of events.
Final thoughts
Pan-STARRS1, PTF and ATLAS probe comparable volumes and, therefore, see comparable rates of transient objects. However, PTF works over a wider solid angle than PS-MD (and is primarily one filter), and finds objects that are about 1.5 mag brighter. ATLAS is wider still (with two double-wide filters) and will find similar objects to Pan-STARRS1 but 4-5 mag brighter. For many purposes, there is no advantage to fainter transients at greater distance, and so a sample of transients from ATLAS may be more valuable than equivalent numbers from Pan-STARRS1. For example, ATLAS will produce approximately 30 SNIa per day, and a dedicated 2 m telescope could obtain spectroscopy of all of them.
Benefits can flow from specialization. A survey such as PTF that acts primarily as a trigger for transients, cueing other follow-up facilities, can be a more efficient discoverer of transients than Pan-STARRS1, which is obtaining multi-colour, deep, high-resolution imagery suitable for weak lensing and photo-z as well as detecting transients. In particular, the value of most wallpaper science is a strong function of how good the PSF is, whereas detection and measurements of transients is a much weaker function. Similarly, systematics from crowding become serious for faint wallpaper science but are unimportant for transients. SkyMapper intends to address this issue by dedicating good seeing conditions to wallpaper photometry and using poor seeing for searching for SNIa transients. LSST seeks to use a 'universal cadence' that will serve all clients, and this may prove to be satisfactory. However, it would also be possible to achieve the LSST mission using multiple, specialized facilities. Replicated, small apertures have advantages for the transient sky, and a wide field, 3 m telescope (e.g. an unobscured portion of the LSST optics) in geosynchronous orbit that scans 360 • of sky each 24 h, flown in conjunction with a communications satellite mission, would provide much better wallpaper data and plausibly not be more expensive than LSST.
The final thought is that we are embarking on a number of important programmes that depend on high-accuracy photometry of transients, such as DES and the Wide Field Infrared Survey Telescope (WFIRST). It is very important to bear in mind that we have not yet reduced systematics in photometry to the 1 per cent level, neither spatially nor between bandpasses. The Pan-STARRS1-SDSS comparison of Schlafly & Finkbeiner [14] is particularly sobering. Although Pan-STARRS1 and SkyMapper should improve the situation in the next few years, they cannot address some of the more important systematics such as determining relative and absolute AB spectrophotometry of standard stars. The Gaia satellite should be a great boon for photometric spatial uniformity, but will not provide AB zeropoints nor determination of each ground system's bandpasses. It is remarkable that the transients we study bear information at this level of precision, and we must resolve to do all we can to exploit this information by requiring our experiments to have adequate calibration.
